The relationship between the torque vs. the liquid/solid addition percentage Highlights  An online sampling system can be used to monitor granule evolution for high shear granulation  The final particle size distribution depends on the point where the liquid addition is stopped
Introduction

A C C E P T E D M
A N U S C R I P T Granulation can be carried out by a wet or dry process, depending on the properties of the primary and final products (Tardos et al., 1997) . The wet granulation process is performed by spraying liquid binder onto the particles while agitated in different devices such as tumbling drum, fluidized bed or high shear mixer (Tardos et al., 1997) . Wet granulation in a high shear mixer is usually achieved by shorter processing time and more effective liquid binder addition compared to other types of granulations (Augsburger and Vuppala, 1997; Hemati and Benali, 2007) . Iveson et al. (Iveson et al., 2001 ) states that, wet granulation mechanisms can be described by wetting and nucleation, consolidation during growth and attrition with breakage. These mechanisms control the obtained granule properties. Moreover, they are influenced by a combination of formulation design (e.g. feed powder and binder properties) and process design such as type of granulator and the operating parameters.
Two methods are usually used to characterize the physical properties of the granules.
Traditional non-image based methods such as pycnometry, BET analysis as well as X-ray tomography (Klobes et al., 1997; Lowell et al., 2012; Rahmanian et al., 2009; Stanley-Wood and Shubair, 1979) are implemented to characterise the structural properties of the granules. On the other hand, granule size and shape is characterised by the image-based or laser diffraction techniques (Farber et al., 2003; Garboczi, 2002; Hancock and Mullarney, 2005) . Although, the image-based techniques are often costly due to operating and capital costs of equipment, it is accurate and give more information (Farber et al., 2003; Garboczi, 2002; Hancock and Mullarney, 2005) .
To process most of particles in the granulation system, Tardos et al. (Tardos et al., 1997) remarked that a number of notes must be considered. Aa critical minimum A C C E P T E D M A N U S C R I P T amount of liquid binder is an important characteristic of the granulation system to ensure enough stickiness on the particle surface. This note will be studied in further details in this research. Furthermore, process conditions such as impeller tip speed can influence the mixing, binder addition and coalescence and/or breakage during granulation process.
A number of researchers investigated the effect of different liquid-binder/solid ratios (Bock and Kraas, 2001; Oulahna et al., 2003; Rahmanian et al., 2009; Realpe and Velázquez, 2008; Saleh et al., 2005) on the granulation process. The role of binder is to form bridges or bonds between the primary particles to form the nuclei and later their coalescence in the granulation process (Mangwandi et al., 2015) . It was found that, increasing the liquid/solid ratio leads to an increase in the granule size (Bock and Kraas, 2001; Chitu et al., 2011) . In addition, granules produced with high binder viscosity could have a considerably lower strength and wide strength distribution due to poor dispersion of binder on the powder bed (Rahmanian et al., 2011) .
Landin et al. (Landin et al., 1996) and Betz et al. (Betz et al., 2004) have stated that, impeller torque and power consumption values can be used as methods to monitor/follow the granule growth from the initial granule formation phase. Both methods noticeably depend on the cohesive force of the wet mass or the tensile strength of the granules (agglomerates). Furthermore, Sakr et al. (Sakr et al., 2012) claimed that torque measurement can be used as a reliable control method for monitoring the wetting procedure and scale up, possibly due to the direct relationship of the torque with the mass flow resistance. This information could facilitate selection of a liquid addition range where the granule growth behaviour can be predicted.
The impeller torque profile can be subdivided into three different stages (Leuenberger et al., 2009 ). In the first stage, a slight increase in torque is usually related to nuclei formation and moisture sorption without the formation of liquid bridges. In the second stage, a rapid/sudden increase in the torque could be due to the attainment of the formation of liquid bridges (pendular). This rapid increase in torque can be correlated with the liquid amount required to achieve the dry binder transition stage. In these conditions, dry binder stickiness promotes a faster granule growth (Cavinato et al., 2010) . Finally, a subsequent plateau stage in the torque indicates the transition from the pendular to the funicular state (Leuenberger, 1982) . A reliable relationship between power or torque profiles and the saturation degree of the wet mass can be established (Leuenberger, 1982; Leuenberger et al., 1981) .
The granulation process in high shear granulators has been investigated at different periods of time, from 2 min (Rahmanian et al., 2011; Realpe and Velázquez, 2008) up to 20 min (Oulahna et al., 2003) . The results showed that, increasing the granulation time has a significant effect on granules strength and density, until an optimum time is reached (Rahmanian et al., 2011) .
Implementing characterization tools are important for assessing granule qualities and the granulation process. Depending upon whether the assessment is done after or during the process, these tools can be classified as offline and online/inline. In addition, the online tools are more rigorous and accurate and become more critical with the transformation of batch to continuous processing in pharmaceutical applications (Hansuld and Briens, 2014; Suresh et al., 2017) .
There are several primary technologies that have been investigated for high-shear wet granulation monitoring. These technologies include power consumption (Hansuld and Briens, 2014; Levin, 2016) , near-infrared spectroscopy (Alcalà et al., 2010; Hartung et al., 2011; Liu et al., 2017) , Raman spectroscopy (Hansuld and Briens, 2014) , capacitance measurements (Hansuld and Briens, 2014) , microwave measurements (Hansuld and Briens, 2014; Peters et al., 2017) , imaging (Kumar et al., 2015; Soppela et al., 2014) , focused beam reflectance measurements (Narang et al., 2017) , spatial filter velocimetry (Hansuld and Briens, 2014) , stress (Hansuld and Briens, 2014) , drag flow force (Narang et al., 2016) and vibration measurements (Hansuld and Briens, 2014) , as well as acoustic emissions (Hansuld et al., 2012) . In addition, advantages, disadvantages and challenges associated with each method for high-shear wet granulation was summarized by Hansuld and Briens (Hansuld and Briens, 2014) . For example, complexity of implementation and measurements, extensive calibration and data reliability as well as the costs are the main disadvantages and challenges of these methods (Hansuld and Briens, 2014; Suresh et al., 2017) .
In this work a simple vacuum base online sampling has been used for granulation as no previous work has been reported in this aspect. It will be used to study the effect of different parameters and process conditions during the granulation without stopping the process.
Materials and Methodology
Materials:
A number of commercial powders were used as shown in Table 1 . Alpha lactose monohydrate (C12H22O11H2O) and Avicel PH-101 (microcrystalline cellulose, (C6H10O5)n) were used as primary particles and Hydroxypropyl methylcellulose (HPMC, C56H108O30) was used as the binder. All materials were supplied by SigmaAldrich Co. Ltd, UK. Figure 1 shows the SEM images of both primary powders, where the particles of lactose have a relatively wide size distribution as compared to Avicel.
The Micromeritics Tristar 3000 was used to measure the BET Surface Area (m²/g) for the materials. While the density of solids was found using Micromeritics Acupyc 1330 device. Furthermore, particle size, mean aspect ratio, circularity and elongation were measured using the Malvern Morphologi G3-S. The Scanning Electron Microscope (HITACHI Benchtop TM3030 Plus) was used to analysis of the sample images.
Methodology:
A number of experiments were carried out to study the granulation process in terms of Additional experiments were also conducted to investigate the steady state granulation process for a fixed volume of added liquid for the same impeller speed (1000 rpm), where, the liquid addition was stopped at three different points: (i) the starting point of
the sudden increase in the torque, (ii) just after the peak point of the torque value and (iii) in between both points.
In this work, a small scale, top driven batch high-shear wet granulator (MiPro, ProCepT, Zelzate, Belgium) was used, as shown in Figure 2 . This granulator comes with two scales (0.5 and 1.9 L). In this work, the 1.9 L scale was used. HPMC was used as a solid binder powder and pre-mixed with the feed materials (Lactose and Avicel). All solid materials were added together into the granulator bowl and mixed for 30 s using impeller speed of 100 rpm. The mass percentage of the formulation for HPMC, Avicel and Lactose, was 5, 30 and 65% w/w, respectively. During the process, the Reverse Osmosis Water (RO-Water) was sprayed on the mixed powders using a Bi-fluid Atomising Nozzle (liquid and air). The RO-Water was pumped using a peristaltic pump (bi-directional, 12 rollers, 100% ~ 160 rpm) and the air was supplied to the system using a compressor (Bambi BB8 SAC). The liquid flow rate is adjusted using the pump speed, while atomizing airflow rate is controlled by a needle valve and both measured using flow rates sensors within the granulator control panel. Table 2 shows the process parameters that were used in this work. The liquid/solid ratio can be a function of process time during the continuous addition as will be presented in the results section.
To study the growth kinetics of the granules during operation (wetting steps), at fixed time intervals, the representative samples of solid were collected from the mixed bed and dried to determine the granule size distribution as a function of processing time. A sampling system was used to take a sample every 2 mins during the granulation
process. As shown in Figure 3 the sampling system consists of a small glass cyclone with a filter connected to a vacuum pump. The samples were collected through a tube that is connected to the cyclone inlet, because of the cyclone and the filter the sample can be collected with almost no dust reaching to the vacuum pump.
In addition, for all samples, the final granules were taken immediately after the end of the process time intervals and dried. To minimize incidental alteration in particle size distribution due to drying method (e.g. attrition in fluid bed dryer, caking in oven at high temperature) the drying was gently performed in an oven for around 12 h with temperature and pressure of 35 C and 1 atm, respectively. After that, the SEM was used to analysis the samples images. The weight of the collected samples during the process time was between 4 and 6 g. The maximum number of collected samples was 9 samples per run. Therefore, the total material removed from the mixture during the granulation process was around 45 g (out of 274g total weight), which is about 14% of the total mixture.
Results and Discussion
The impeller torque profile was recorded continuously and was used as a guide to monitor the granule formation in the granulation processes. Figure 4 shows the torque profile without any materials for three different impeller speeds: 30, 1000 and 1750 rpm (the minimum, the desired and the maximum speed, respectively). These experiments were run three times (for each) to test repeatability and reliability of the results. The average standard deviation was found to be less than ±0.03 %, which cannot be shown in the figure as error bars are very small. Generally, increasing the impeller speed leads to an increase in the impeller torque. Based on these results for this granulator A desirable impeller speed of 1000 rpm was used, which is around 50% of the maximum speed of this granulator type. Figure 5 shows the impeller torque profile without and with solid materials (116 and 232 g with the same liquid addition rate) using 1000 rpm impeller speed. Increasing the materials from zero to 232 g increases the impeller torque value by 1.8 times. The torque profiles for the second scenario (with materials) of the granulation experiments showed similar trends with time, as noted and reported by a number of authors (Betz et al., 2004; Cavinato et al., 2010; Landin et al., 1996) . As shown in Figure 5 , a slight increase in the impeller torque value at the beginning (from time 0 to 8 min) of the process has often been recognized, which is possibly due to the progressive spread of the liquid. Then, a more significant increase in the profile slope is observed (from time 8 to 10 min), presumably due to the wetting process of solid mass. After this initial stage, impeller torque profiles show a sudden increase (from time 10 to 12.5 min). A number of authors explained this phenomenon by considering the initial formation of liquid bridges between particles, thus leading to the achievement of the pendular state. In addition, two more stages for the torque profile can be added, which are the peak (at 12.5 min) and the short sudden drop after that point (from time 12.5 to 13 min). The peak shows the optimum volume of liquid that can be added to the system to form granules, where the adhesive force reaches the maximum and leads to an increase the torque. In addition, the sudden drop is related to the formation of the granules. After that, increasing the liquid ratio leads to the production of larger granules size until it reaches to the production of over wetted
paste type material. It should be noted in these experiments, same amount of water has been added by time (water flow rate) for two different masses of solid materials, hence the peak torque values for the two experiments occur at different times. Different volumes of materials (116 and 232 g) obviously require different amounts of liquid (24 and about 47 ml, respectively) for the sudden increase and the peak in the torque profiles, as noticed by other researchers (Cavinato et al., 2010) .
The relationship between the impeller torque value and the liquid addition (at different process times) was investigated for the case with 232 g of solid materials, as shown in Figure 6A and 6B. It should be noted that the variation regarding the continuous removal of materials was taken into account with the liquid/solid percentage calculation. This experiment was repeated four times to test repeatability and reliability of the data. Figure 6A shows the relationship between the gradient of impeller torque profile and liquid/solid percentage for the four runs with the liquid/solid percentage. In addition, the difference between torque values from various runs is shown in Figure   6B . A good agreement between the four runs for the first 10 min (point A) can be observed, however, later there is a more noticeable fluctuation on the torque value where the granules have reached the intermediate step in their size changes. Overall, Figure 6A and 6B suggest that, the experiment is fairly repeatable and reproducible.
For further investigation of the sudden increase regions of the torque profile, three points (A, B and C) were chosen, as shown in Figure 6A and 6B. The liquid amount required to cause the sudden increase in the torque value (identified as point A) has been used as a reference point to describe the first stage of the agglomeration process and the achievement of the pendular state. Similarly, the maximum amount of liquid required to form granules can be found from the peak (point C) in the torque profile, as Figure 6A and 6B. However, point B was selected to investigate the granules behaviour in between the starting and the end of the granule formation stage. Figure 7A shows the SEM images of the granules acquired during wetting stages using the sampling system at different process times (1, 2, 4, 6, 8, 10, 12.5, 14 and 16 min) .
Under these conditions, nucleation stage was found to be after the first 2 min and then granules started to grow. SEM images of original samples (at 0 min) and samples at 1 and 2 min (labelled as wetting and nucleation stages), are shown in Figure 7B . The difference between the images at 0, 1 and 2 min confirms the nucleation has started after the second minute at 2.5% liquid addition. After 10 min, the granules (100-300 microns) were formed. Increasing the liquid addition after that leads to the oversized granules until the torque value reaches its peak. However, increasing the liquid binder ratio further leads to the over-wetted materials (paste type).
It is worth noting the sampling suction vacuum was measured using a manometer (Fisherbrand™ Traceable™ Pressure/Vacuum Gauges) as 45 mbar and the air flow rate was measured using an air flow meter (Cole Parmer) as 4 l/min and the air velocity was calculated to be 0.85 m/s. There is no obstacle on the way and particles do not impact to any object. Therefore, the sampling system should not damage the granules.
This new sampling method for the wet high shear granulators, allows researcher/formulators to gain online access to full information on the wetting stages.
Our dynamic sampling technology allows facile detection of the end point of granulation e.g. the granulation time and the required liquid volume are being readily obtained for different material ratios and operational conditions as shown in Figure 6 .
Further experiments were carried out to investigate the steady state conditions for granulation for fixed added liquid. In this case, the liquid addition was stopped at different points (A, B and C as shown in Figure 6 ). Therefore, total added liquid for case A, B and C are 38ml, 41ml and 45ml, respectively. Figure 8 shows the trend of torque when the liquid addition was stopped at three points A, B and C. From case C, it can be seen that, there is a sudden drop in torque and after nearly 2 minutes the torque value decreases with a very low slope by time. However, the temperature inside the granulator bowl increases with time and reaches as high as 43 o C. As there is no further liquid addition, the granules drying process can take place at temperature higher than the ambient conditions inside the granulator. In addition, the granules mass gradually decreases with time as liquid evaporation takes place that leads to a slight reduction in the impeller torque. Similar trends were observed for the case A and B as shown in Figures 8. Figure 9 shows the full particle size distribution of the three cases (A, B and C at 10.5, 11.4 and 12.5 min, respectively) compared to the original mixed materials (at time 0 min and no liquid addition). It can be seen that the particles have been enlarged significantly (6 times larger) by adding 45 ml of water. Adding 38 ml of water to powders to point A results in 50% increase in average particles size. Further 3 ml of water addition (from 38 ml in case A to 41 ml in case B) increases average particle size by more than 3 times at point B. Finally from point B to point C, extra 4 ml of water addition (from 41 ml to 45 ml in case C) leads to 25% increase in d50 and d90 of granules. That is because the granules have gained the optimal liquid ratio to for further growth without excessive liquid addition to the end of the process.
SEM images of the sampled granules were taken when the liquid addition was stopped for different cases (A, B and C) as shown in Figure 10 and 11. The SEM images refer to granules evolution at different times for individual cases. Figure 10 shows that for case A two types of granules (consolidated and partially formed) can be formed where the liquid addition percentage is fixed at 14%. It can be seen that the consolidated granules survive as the time progressed. However, partially formed granules disintegrate to their primary particles towards the end of process, presumably as there is not enough liquid to further bind partially formed granules. Figure 11 shows SEM images of both cases B and C. For the case B, partially formed granules seem to be able to survive towards the end of process by further consolidation, but leading to smaller sized granules as compared to the fully evolved granules in case A. However, it can be seen that for case C, most of the granules have been already formed and consolidated. At the end of the process, there is a slight change on the surface of the granules that becomes smoother and rounded as shown in Figure 11B . Overall, it can be concluded that larger granules (200 -1200 m) form for the case C (where liquid addition is fixed at 45 ml) as compared to case B (100 -700 m). However, for the case A, most of the partially formed granules will not survive the process as there is not enough liquid for binding them further together.
By comparing full size distribution and SEM images it can be seen that particle size ranges reasonably agree and the sampling system in this work can provide a representative particle size, perhaps due to the fact that it can take sample in-process from a mixed dynamic mass. The sampling method developed in this work allows researcher/formulators to understand and follow the wetting stages and formation of A C C E P T E D M A N U S C R I P T granule structure step by step and obtain information on the granulation time and the required liquid volume for various formulation and operational conditions.
Conclusions
The growth kinetics of the granules during operation for a high shear mixer granulator for three cases of continuous as well as fixed liquid addition was investigated. A sampling system was used to take samples at fixed times during the granulation process. The results showed that the nucleation stage occurs in the first 2 min then followed by the growth stage up to 8 min. The granules start to form from 10 min and their size will increase by further liquid addition. Furthermore, for the cases of fixed liquid addition, the final particle size distribution depends on the point where the liquid addition was stopped (i.e. fixed amount of added liquid). When liquid amount was fixed at 38 ml there was no change on the size of the totally formed granules, while the partially formed granules disintegrated to their primary particles towards the end of process, presumably as there was not enough liquid to further bind partially formed granules. However, when the liquid addition was fixed at 45 ml, totally formed granules were smoothened and became more rounded as the processing time extended further.
The method presented in this paper can facilitate an online determination of the granulation time and the required liquid volume for material formulation and operational conditions.
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